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We report critical current density (Jc) in tetragonal FeS single crystals, similar to iron based
superconductors with much higher superconducting critical temperatures (Tc’s). The Jc is enhanced
3 times by 6% Se doping. We observe scaling of the normalized vortex pinning force as a function
of reduced field at all temperatures. Vortex pinning in FeS and FeS0.94Se0.06 shows contribution of
core-normal surface-like pinning. Reduced temperature dependence of Jc indicates that dominant
interaction of vortex cores and pinning centers is via scattering of charge carriers with reduced mean
free path (δl), in contrast to KxFe2−ySe2 where spatial variations in Tc (δTc) prevails.
PACS numbers: 74.70.Xa,74.70.Ad,75.50.Lk,74.72.Cj
I. INTRODUCTION
Fe-based superconductors have been attracting con-
siderable attention since their discovery in 2008.1
Due to rich structural variety and signatures of
high-temperature superconductivity similar or above
iron arsenides, iron chalcogenide materials with Fe-
Ch (Ch=S,Se,Te) building blocks are of particular
interest.2–5 Recently, superconductivity below 5 K is
found in tetragonal FeS synthesized by the hydrother-
mal reaction.6 The superconducting state is multi-
band with nodal gap and large upper critical field
anisotropy.8–11 Local probe µSR measurements indicate
two s-wave gaps but also a disordered impurity mag-
netism with small moment that microscopically coexists
with bulk superconductivity below superconducting tran-
sition temperature.12 This is similar to FeSe at high pres-
sures albeit with weaker coupling and larger coherence
length.13,14
Binary iron chalcogenides show potential for high field
applications.15–18 Since FeCh tetrahedra could be incor-
porated in different superconducting materials, it is of in-
terest to study critical currents and vortex pinning mech-
anism in tetragonal FeS.19–21 Moreover, vortex pinning
and dynamics is strongly related to coherence length and
superconducting pairing mechanism.
Here we report critical current density and the vortex
pinning mechanism in FeS and and FeS0.94Se0.06. In con-
trast to the point defect pinning in Ba0.6K0.4Fe2As2 and
KxFe2−ySe2,
22–24 the scattering of charge carriers with
reduced mean free path l (δl pinning) is important in
vortex interaction with pinning centers.
II. EXPERIMENTAL DETAILS
FeS and FeS0.94Se0.06 single crystals were synthesized
by de-intercalation of potassium from KxFe2−y(Se,S)2
single crystals, using the hydrothermal reaction
method.6,23 First, 8 mmol Fe powder, 5 mmol
Na2S·9H2O, 5 mmol NaOH, and 10 ml deionized
water were mixed together and put into 25 ml Teflon-
lined steel autoclave. After that, ∼0.2g KxFe2−yS2 and
KxFe2−yS1.6Se0.4 single crystals were added. The auto-
clave is tightly sealed and annealed at 120 ◦C for three
days. Silver colored FeS single crystals were obtained
by washing the powder by de-ionized water and alcohol.
Finally, FeS single crystals were obtained by drying in
the vacuum overnight. X-ray diffraction (XRD) data
were taken with Cu Kα (λ = 0.15418 nm) radiation of
Rigaku Miniflex powder diffractometer. The element
analysis was performed using an energy-dispersive x-ray
spectroscopy (EDX) in a JEOL LSM-6500 scanning
electron microscope. High-resolution TEM imaging and
electron diffraction were performed using the double
aberration-corrected JEOL-ARM200CF microscope
with a cold-field emission gun and operated at 200 kV.
Mo¨ssbauer spectrum was performed in a transmission
geometry with 57Co(Rh) source at the room tempera-
ture. Single crystals are aligned on the sample holder
plane with some overlap but without stack overflow.
The spectrum has been examined by WinNormos
software.25 Calibration of the spectrum was performed
by laser and isomer shifts were given with respect to
α-Fe. Magnetization measurements on rectangular bar
samples were performed in a Quantum Design Magnetic
Property Measurement System (MPMS-XL5).
III. RESULTS AND DISCUSSIONS
Figure 1 (a) shows powder X ray diffraction pat-
tern of FeS and FeS0.94Se0.06. The lattice parameters
of FeS0.94Se0.06 are a=0.3682(2) nm and c=0.5063(3)
nm, suggesting Se substitution on S atomic site in FeS
[a=0.3673(2) nm, c=0.5028(2) nm]. High-resolution
TEM imaging is consistent with the P4/nmm unit cell
and indicates possible ordering of Se atoms.
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FIG. 1. (Color online). (a) Powder x-ray diffraction pattern
of tetragonal FeS (bottom) and FeS0.94Se0.06 (top). Verti-
cal ticks mark reflections of the P4/nmm space group. Elec-
tron diffraction pattern for FeS (b), and FeS0.94Se0.06 (c) and
(d). High angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) image viewed along [001]
direction of FeS (e) and FeS0.94Se0.06 (f) single crystal. [001]
atomic projection of FeS is embedded in (b) with red and
green spheres representing Fe and S/Se, respectively. The
reflection condition in (b), (c) and (d) is consistent with
P4/nmm space group. While the spots with h+k=odd are
extinct in FeS, they are more [in (d)] or less [in (c)] observed
here, indicating possible ordering of Se.
FeS Mo¨ssbauer fit at the room temperature shows a
singlet line [Fig.2(a)] and the absence of long range mag-
netic order. The isomer shift is δ = 0.373(1) mm/s
whereas the Lorentz line width is 0.335(3) mm/s, in
agreement with the previous measurements.26–28 Since
FeS4 tetrahedra are nearly ideal, one would expect ax-
ial symmetry of the electric field gradient (EFG) and
small values of the largest component of its diagonal-
ized tensor Vzz . The linewidth is somewhat enhanced
and is likely the consequence of small quadrupole split-
ting. If the Lorentz singlet would be split into two lines,
their centroids would have been 0.06 mm/s apart, which
is the measure of quadrupole splitting (∆). The mea-
sured isomer shift is consistent with Fe2+, in agreement
with X-ray absorbtion and photoemission spectroscopy
studies.29 There is very mild discrepancy of Mo¨ssbauer
FIG. 2. (Color online). (a) Mo¨ssbauer spectrum at 294 K of
the tetragonal FeS. The observed data are presented by the
gray solid circles, fit is given by the red solid line, and differ-
ence is shown by the blue solid line. Vertical arrow denotes
relative position of the experimental point with respect to
the background. (b) Superconducting transition of FeS and
FeS0.94Se0.06 measured by magnetic susceptibility in magnetic
field 10 Oe.
theoretical curve when compared to observed values near
0.2 mm/s, most likely due to texture effects and small
deviations of incident γ rays from the c-axis of the crys-
tal. The point defect corrections to Mo¨ssbauer fitting
curve are negligible. Fig. 2(b) presents the zero-field-
cooling (ZFC) magnetic susceptibility taken at 10 Oe ap-
plied perpendicular to the c axis for FeS and FeS0.94Se0.06
single crystals. Superconducting transition temperature
Tc = 4.4 K (onset of diamagnetic signal) is observed in
FeS, consistent with previous report.6 There is almost no
change of Tc in FeS0.94Se0.06. Both samples exhibit bulk
superconductivity with somewhat enhanced diamagnetic
shielding with Se substitution.
Figures 3(a) and 3(b) show the magnetization hystere-
sis loops (MHL) for FeS and FeS0.94Se0.06, respectively.
Both MHLs show symmetric field dependence and ab-
sence of paramagnetic background, suggestive of domi-
nant bulk pinning.9 No fishtail effect is observed in both
samples. The critical current density Jc can be calcu-
lated from MHL using the Bean model.30 When the field
is applied along c axis, the in-plane critical current den-
sity Jc(µ0H) is given by
30,31
Jc =
20∆M(µ0H)
a(1− a/3b)
where ∆M(µ0H) is the width of magnetization loop at
specific applied field value and is measured in emu/cm3.
The a and b are the width and length of the sample
(a≤b) and measured in cm. The Jc used in the for-
mula is the unrelaxed critical current density. Practically
measured critical current density, however, is the Js (re-
laxed value). Because magnetization relaxation is not
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FIG. 3. (Color online). Magnetization hysteresis loops at var-
ious temperatures for FeS (a), and FeSe0.06 (b), respectively.
Magnetic field was applied parallel to c axis. Magnetic field
dependence of the in-plane critical current density Jabc for FeS
(c), and FeSe0.06 (d), respectively.
very strong in iron-based superconductors, the Js≈Jc.
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The paramagnetic (linear) M(µ0H) background has no
effect on the calculation of ∆M(µ0H) and consequently
crucial currents due to its subtraction. The inclusion
of ferromagnetic impurities12 is unlikely due to highly
symmetric M(H) loops (Fig. 3). Therefore we attribute
somewhat reduced volume fraction in pure tetragonal FeS
to the presence of the unreacted paramagnetic hydrother-
mal solvent on the surface of our crystal, similar to what
has been observed before.6
Figs. 3(c) and 3(d) show the field dependence of Js.
The calculated Jc at 1.8 K and 0 T reach 6.9 × 10
3
A/cm2 and 2.1 × 104 A/cm2, i.e. Jc increases about 3
times for small Se substitution. It is interesting to note
that the critical current densities of FeS and FeS0.94Se0.06
are comparable to that of KxFe2−ySe2 and FeSe which
feature much higher superconducting transition tempera-
tures (32 K and 8 K, respectively).22,33–35 However, Jc of
FeS and FeS0.94Se0.06 are lower when compared to iron
pnictide superconductors where typical critical current
densities are above 105 A/cm2 at 2 K.24
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FIG. 4. (Color online). Normalized flux pinning force as a
function of the reduced field for FeS (a), and FeSe0.06 (b),
respectively. Solid lines are the fitting curves using fp =
Ahp(1 − h)q. (c) Maximum pinning force (Jmaxp ) vs field
curves for FeS and FeS0.94Se0.06. The inset shows reduced
temperature dependence of irreversibility field. (d) Reduced
field dependence of normalized critical current at zero field for
FeS and FeS0.94Se0.06, blue and cyan solid lines correspond to
theoretical data for δTc pinning and δl pinning.
Pinning force (Fp = µ0HJc) can provide useful insight
into vortex dynamics. There is a peak in the pinning force
density as a function of the reduced magnetic field for
all hard high-field superconductors.36 According to Dew-
Hughes model,37, normalized vortex pinning force fp =
Fp/F
max
p should be proportional to h
p(1 − h)q, where
h = H/Hirr is normalized field, and Hirr is irreversibil-
ity field obtained by an extrapolation of Jc(T, µ0H) to
zero. Parameters p and q are determined by the pinning
mechanism. As shown in Figs. 4(a) and 4(b), the curves
of f(h) at different temperatures overlap well with each
other, indicating that the same pinning mechanism dom-
inate at the temperature range we study. Fitting with
scaling law hp(1−h)q gives p = 0.42, q = 1.65, and hfitmax
=0.21 for FeS and p = 0.63, q = 2.34, and hfitmax =0.21
for FeS0.94Se0.06, roughly consistent with theoretical p
= 0.5, q = 2, hfitmax = 0.2 for core normal surface-like
4pinning. Core normal surface-like pinning describes the
pinning center from the microstructure and geometry as-
pect. The free energy of the flux lines in the pinning cen-
ters is different from that in the superconducting matrix
and the pinning center is normal whereas the geometry of
the pinning centers is two dimensional. Weak and widely
spaced pins induce a small peak in f(h) at high h, while
strong closely spaced pins produce a large peak at low
h.36 Similar h indicates the strength and spacing of the
pins is similar between two samples.
Figure 4(c) presents irreversibility field (µ0Hirr) de-
pendence of Fmaxp . Both the pinning force and µ0Hirr
are enhanced by Se doping. The curves can be scaled
by Fmaxp ∝ µ0H
α
irr with α = 2.0 for FeS and 2.1
for FeS0.94Se0.06, close to theoretical prediction (α =
2).37 Since the tetragonal FeS and FeS0.94Se0.06 were
synthetized by de-intercalation of potassium using hy-
drothermal method and are cleaved along the c axis
much easier than other iron superconductors, it is likely
that weakly connected surfaces are important in the
flux pinning as opposed to KxFe2−ySe2, FeSe0.5Te0.5
thin flim, and Ba0.6K0.4Fe2As2 where point-like pinning
prevails.22,24,38
In addition, as shown in the inset of Fig. 4(c), the
reduced temperature dependence of µ0Hirr can be fit-
ted with µ0Hirr(T ) = µ0Hirr(0)(1 − t)
β , where t =
T/Tc, which gives β = 1.07 for FeS and β = 1.12
for FeS0.94Se0.06. There are two primary mechanisms
of core pinning from spatial variation of the Ginzburg-
Landau (GL) coefficient α in type II superconductors,
corresponding to the spatial variation in transition Tc
(δTc pinning), or to charge carrier mean free path l near
lattice defects (δl pinning). In the case of δTc pinning,
Jc(t)/Jc(0) ∝ (1-t
2)7/6(1+t2)5/6, whereas Jc(t)/Jc(0) ∝
(1-t2)5/2(1+t2)−1/2 for δl pinning, where t = T/Tc.
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As shown in Fig. 4(d), the reduced temperature de-
pendence of reduced critical current density is nearly
the same for FeS and FeS0.94Se0.06 and is between the
theoretical curves of δTc pinning and δl pinning. This
suggests the presence of both microscopic mechanisms.
Each contribution can be estimated by Jc,H=0(t) =
xJδTcc,H=0 + (1 − x)J
δl
c,H=0(t). The fitting gives x = 0.15
for FeS, and x = 0.17 for FeS0.94Se0.06, indicating δl
pinning plays major role in FeS and FeS0.94Se0.06. The
pinning mechanism is different from KxFe2−ySe2, where
δTc pinning is prevalent, and is similar with YBa2Cu3O7
and NaFe0.97Co0.03As.
22,39,40 Due to intrinsic nanoscale
phase separation in KxFe2−ySe2
41–45 δTc could play a
major role in pinning, in contrast to tetragonal iron sul-
fide even though FeS and FeSe0.06 single crystals are ob-
tained from KxFe2−y(Se,S)2 by de-intercalation. More-
over, because FeS is a typical type II superconductors,
the multigap might have an effect on the fitting result.
Nevertheless, the Dew-Hughes model still reveals that the
∆l pinning by Dew-Hughes model still gives an insight
in the pinning mechanism.
IV. CONCLUSIONS
In summary, we report the increase in the critical cur-
rent density in tetragonal FeS single crystals by Se dop-
ing. The core normal surface-like pinning is present in
the vortex dynamics. The pinning is dominated by the
variation of charge carrier mean free path l near lattice
defects (δl pinning). The critical current density is com-
parable to iron based superconductors with much higher
superconducting transition temperature. This suggests
that FeS-based superconducting structures with higher
Tc’s could exhibit high performance, potentially attrac-
tive for low temperature high magnetic field applications.
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